Modeling transport of secondary ion fragments into a mass spectrometer by Warmenhoven, J et al.
  Physics Procedia  66 ( 2015 )  352 – 360 
Available online at www.sciencedirect.com
1875-3892 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Selection and peer-review under responsibility of the Organizing Committee of CAARI 2014
doi: 10.1016/j.phpro.2015.05.044 
ScienceDirect
C 23rd Conference on Application of Accelerators in Research and Industry, CAARI 2014 
Modeling Transport of Secondary Ion Fragments into a               
Mass Spectrometer 
J. Warmenhovena, J. Demarchea, V. Palitsina, K.J. Kirkbya, R.P. Webba* 
aUniversity of Surrey, Ion Beam Centre (Nodus Building), Guildford, Surrey, GU2 7XH, United Kingdom 
 
Abstract 
The Surrey Ion Beam Centre was awarded the Engineering and Physical Sciences Research Council (EPSRC) grant for 
“Promoting Cross Disciplinary Research: Engineering and Physical Sciences and Social Sciences” allowing continued research 
into the characteristics of desorption of secondary ions by the impact of fast primary ions in the ambient pressure at the 
sub-micron scale. To carry out this research a new beamline has been constructed consisting of a time-of-flight secondary ion 
mass spectrometer combined with the current 2MV Tandem accelerator. This research has already returned many significant 
results such as the first simultaneous SIMS, PIXE and RBS measurement preformed on an organic sample in vacuum. However, 
further optimization and validation of the new beamline is still being worked on. This work focuses on the optimization of the 
end station geometry to allow for high sensitivity ambient pressure measurements. It is concluded that a common geometry can 
be adopted for a wide variety of smooth samples to ensure optimum sensitivity provided a hard edge of the sample can be found 
to place the mass spectrometer capillary near. 
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1. Introduction & Theory 
1.1. Use of thin film surface analysis 
Techniques such as Elastically Backscattered Particle Spectroscopy (EBS), Particle Induced X-ray Emission 
(PIXE) and Particle Induced Gamma ray Emission (PIGE) give ion accelerators tremendous powers of elemental 
surface analysis. This has allowed for the proliferation of their use in various fields such as forensics[1],  cancer 
research[2] and cultural heritage[3]. In each case however the value of the information recovered is limited with 
respect to the identification of organic components, only being able to confirm the presence of their constituent 
elements. There is therefore a need for a complementary molecular analysis technique to concretely identify 
molecules in order to truly unlock the potential of “Total Ion Beam Analysis”. The ability of an MeV primary ion 
beam to liberate large intact molecular ions with sufficient yield for subsequent Time-of-Flight Secondary Ion Mass 
Spectrometry (ToF-SIMS) has already been demonstrated[4], furthermore simultaneous collection of MeV-SIMS, 
EBS and PIXE spectra has been achieved using 16O4+ at 10 MeV[5]. The Surrey Ion Beam Centre intends to develop 
this technique and extend it into ambient pressure in order to analyse materials which are incompatible with vacuum 
conditions such as biomolecules[6] in cells or larger pieces of artwork. 
1.2. Advantages of MeV over keV 
MeV-SIMS is capable of similar sensitivity to state-of-the-art keV primary cluster ion techniques[6] and thus it is 
not directly a more attractive option. As mentioned before, what sets MeV-SIMS apart from its keV counterpart is 
the possibility of fully integrated IBA providing a more complete evaluation of a surface from both the molecular 
and elemental perspective as shown below in figure 1.1 of a metallic grid placed over an organic substrate[5]. 
Another key difference between MeV and keV SIMS is their depth penetration. keV ions tend to stop relatively 
early in the material and liberate larger intact molecules by sputtering. MeV ions on the other hand have a much 
longer path length, again liberating more intact secondary ions from the near surface region, but also fragmenting 
molecules deeper into the objects which can't yet escape. As sputtering continues and these depths are exposed there 
should therefore be a shift in the signal towards lower mass fragments from the target. This phenomenon can be 
exploited to, for example, determine the order in which fingerprints and ink were applied to a paper [7].  
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Figure 1.1: Images obtained from the following signals: PIXE Ta L lines (top left), RBS backscattered particle image (top right), MeV-ToF-
SIMS m/z = 73 (bottom left), and MeV-ToF-SIMS m/z = 180 (bottom right)[5]. 
The final, and  perhaps  critical,  advantage  is that  MeV-SIMS  can  be performed at ambient  pressure, vastly  
expanding  the variety of possible targets. This is already possible with techniques such as Matrix Assisted Laser 
Desorption Ionisation (MALDI) however now there is no need for the clumsiness of applying matrices to targets, 
with the added benefit of concurrent elemental analysis. Maintaining high spatial resolution when the beam is 
extracted into ambient conditions remains a substantial challenge and requires close placement of the target to the 
exit window. This leaves little room and thus necessitates the use of long capillaries which in turn present their own 
problems with respect to generating the optimal gas flow for uptake of the sputtered secondary ions. 
2. Experimental Equipment & Setup 
2.1. COMSOL Multiphysics 
The modeling software used for the simulations in this work was COMSOL Multiphysics 4.4[8], utilizing the 
Computational Fluid Dynamics and Particle Tracing for Fluid Flow modules. 
2.2. Atmospheric Pressure-MeV-Secondary Ion Mass Spectrometry end station 
A 2 MV tandem was used to supply an 8 MeV O4+ primary ion beam to the end station. The sample was mounted 
on a glass slide held by a crocodile clip on a flexible arm. A Micromass Q ToF 2 mass spectrometer was used to 
analyse the desorbed secondary ions. 
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Figure 2.1: Schematic showing the AP-MeV-SIMS end station used in section 3.6. 
3. Results & Discussion 
3.1. Initial characterisation of flow type 
An initial investigation was done to estimate the type of flow present. The equation for Reynolds number was 
re-arranged to give velocity as the subject and 2320 substituted for the Reynolds number (the threshold below which 
flow is laminar). Plots of how this threshold velocity varies with pressures were produced for both the specific 
geometries of the mass spectrometer capillary (0.70 mm ID) and helium pipe (0.87 mm ID). These graphs were then 
used to analyse preliminary 2D models and it was determined that flow would be above the threshold of certain 
laminar flow for at least part of the mass spectrometer capillary. The representative velocity for this section was 
used to calculate its Reynolds number, found to be within the transition zone between laminar and turbulent flow. 
This necessitated a turbulent flow model to study the system accurately. 
3.2. 2D flow with open borders 
Initial 2D models of the geometry in a reflection configuration showed that the capillary has negligible impact on 
the majority of the injected helium flow. This is due to its smaller inner diameter, and therefore conductance, 
limiting it to only being able to accommodate a portion of the injected helium. Additionally, unless wholly situated 
inside the flow, it would certainly draw gas from the surrounding ambient, further decreasing the amount of helium 
it can draw with its limited conductance. 2D models are of limited value however because of inaccuracies inherent 
within the 2D approach. The inability of flow lines to cross each other causes a curvature of the helium jet away 
from the target due to pressurization of an entrained layer of atmospheric gas and its subsequent relaxation ‘pushing’ 
the helium away. It also limits the accuracy of the model near closely spaced objects such as the pipes and beam 
window. In reality even if they were touching gas could still be displaced to/from the sides however in 2D the small 
gaps serve to pinch shut the gas flow and produce vortices which may not be physical. This highlights the need to 
model the system in 3D for a fuller grasp of its true behavior. 
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3.2.1. Particle tracing in 2D 
 
Never the less some information can be gained from applying particle tracing to the 2D model. Even when 
particles of mass 2 kDa and diameter 3 nm were simulated traveling at an initial speed of 200 m/s normal to the 
target, the drag force exerted is such that they reach thermal equilibrium with the surrounding gas almost 
immediately. This limits the penetration depth of sputtered molecular fragments through the helium flow, resulting 
in the fragments getting transported parallel to the target by the layer of entrained gas sitting against the surface. It 
can be concluded that it is this specific layer of gas, regardless of whether it is actually entrained ambient gas or the 
helium flow itself, which should be targeted for maximum secondary ion yield. Due to factors discussed in section 
3.2. the mass spectrometer capillary is not be able to meaningfully influence the dynamics of this specific layer of 
gas. It should instead be placed in such a manner as to intercept this layer of gas along its natural path; consequently, 
it is sufficient to model only the flow from the helium inlet and determine from this where to place the capillary. 
3.3. Comparison of 2D to 3D 
A simplified system consisting of only the helium inlet and 15mm square target inside a cuboidal area of interest 
with sides of 50mm was modeled using the k-epsilon turbulence model. Surfaces normal to the expected helium 
flow were set to open borders at standard atmospheric pressure. Sampling lines were then set up 1mm apart 
perpendicular to the target surface running from its center out to the edge of the area of interest in the direction of 
the helium flow. Figure 3.2 illustrates the marked difference in the velocities reached with the 2D model showing a 
velocity 3 times greater than the 3D model at the first measuring point. This disparity grows as the edge of the space 
is reached where the 2D flow is 7 times quicker than the 3D flow. This could possibly be due the different ways in 
which the pressure of the system is relaxed. Critically it is not only the velocities that differ but also the shape of the 
flows. Due to the previously discussed inability of flow lines to cross each other, the 2D flow rebounds off of the 
target and curves more drastically. In 3D the lines still can’t cross, however the pressure can be relieved by 
molecules spreading out sideways instead. In addition, Bernoulli’s principle states that pressure and velocity are 
inversely related such that surrounding still standing ambient gas will exert a force on a flow of gas contained in it. 
These factors combined result in the flow being forced to ‘stick’ to the target surface. The maximum velocity peaks 
of these two models are separated by more than the mass spectrometer capillary inner diameter (0.7 mm) within the 
first 2 mm of traveling over the edge of the target. This clearly shows that for determining the optimum position to 
place the capillary a 2D model is inadequate and 3D modeling must be used to accurately describe the system. 
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Figure 3.1: Schematic of the simulation geometries used, showing the placement of virtual sampling lines numbered from 1 to 26 starting at the 
centre of the target with arc lengths measured from the bottom of the simulation space. The 1st and 26th segments used in figure 3.2 below are 
highlighted in red. 
 
Figure 3.1: Velocity of helium along a line perpendicular to the target at the center of the target (left) and at the edge of the modeled space 
(right), for both the 2D and 3D model. 
3.4. Influence of target size on helium jet 
The ‘sticking’ phenomenon was investigated further by determining its dependence on target size. It was seen that 
the flow sticks to the surface of the target for all sizes studied. Importantly the angle the helium jet lifts off of the 
target with, as well as the position it crosses the edge of the modeled space does not vary much with size. This 
allows for some common position for the mass spectrometer capillary for a wide variety of targets irrespective of 
their size as long as a sharp edge can be found. To ensure that this phenomenon wasn’t an artificial result due to the 
centralised position of the target-pipe system, the area of interest was moved upwards by 10 mm. The shape and 
speed of the flow was not disturbed, suggesting that the solution is a stable one for that geometry. 
3.5. Influence of pipe angle on helium jet 
The effect of pipe angle on the shape of the flow was investigated for 0 degrees, 15 degrees and 25 degrees. For 0 
degrees we have a laminar structure with a circular cross section as expected from earlier experimental results 
(personal communication Brian Jones). For both the angled helium pipes the flow sticks to the target and lifts off at 
similar angles when it reaches the edge of the target.  
 
Figure 3.2: Velocity surface with streamline showing the flow of helium for incident angles of the HE at 0 degrees (left), 15 degrees (middle) 
and 25 degrees (right). 
This reinforces the notion that a common position of optimal uptake exists for a large variety of objects given that 
a sharp edge can be found to lift the flow off the target and prevent the need for the mass spectrometer capillary to 
touch the surface. 
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3.6. Experimental Validation 
A Scotch Tape™ sample was prepared and placed normal to the beam. Exact placement of the helium inlet is not 
critical as shown by sections 3.4 and 3.5. It was however desired that the sputtered ions should be located in the 
helium flow rather than entrained ambient gas thus the helium inlet was set at ~15 degrees to the surface; this 
provides a flow that impacted the target well before the beam spot. The mass spectrometer capillary was then 
positioned in such a manner that it was perpendicular to both the beam and the flat sample edge (figure 2.1). The 
capillary was mounted on an arm with movement controls that were used to scan it past the target surface in steps of 
~1 mm, starting from behind the sample and ending up against the beam exit window. Signal was acquired for 30 
seconds at each of the 6 positions and data extracted by averaging over this period for the signals studied. A plot of 
signal intensity against capillary position was prepared (figure 3.4) for the specific masses of 150 and 178 Da which 
are characteristic of the Scotch Tape™ sample, and 370 Da which is characteristic of the background atmosphere.  
 
 
Figure 3.3: Dependence of secondary ion uptake on the position of the MSC relative to the sample surface for specific mass peaks of 150 and 
178 Da, relating to the sample, and mass peak 370 Da, relating to the background. Position 6 is against the beam exit window, position 3 is just 
past level with the target surface, and positions 1-2 are behind the target surface, see figure 2.1 for schematic. 
From previous experience we know that the total ion uptake is dependent on the velocity of the gas flow crossing 
the beam path into the mass spectrometer capillary. This means that the background ions detected can be used as an 
analogue of a measurement of the flow velocity, and viewed in this manner there is strong support for the previously 
discussed models. The maximum counts were recorded when the capillary was level with the target surface and falls 
off steadily as it is moved away towards the beam exit window. This is expected from figures 3.2 and 3.3 which 
show the fast helium flow sticking to the sample surface and entraining the gas surrounding it. However, the steady 
fall off in secondary ion signal behind the sample is unexpected and unexplained by the current simulations. The 
fact that the signal falls off more rapidly behind the target than in front lends weight to the idea that the cause of 
movement might be through a different mechanism; this could be transient turbulent vortexes rolling off the sample 
edge rather than entrainment of ambient gas. 
 
Contrary to the behavior of the background signal, the signal from the sample falls off drastically as the capillary 
is moved away from the target surface towards the beam exit window. The 150 Da signal intensity drops by 61% 
and the 178 Da signal by 49%, in the first millimeter above the sample surface; in contrast the 370 Da mass peak 
drops by 15%. This supports the results from section 3.2.1. where the model predicted that the secondary ions would 
be transported in the layer of gas adjacent to the target surface. However, the model does not account for the small 
but significant amount of signal still present ~3 mm from the surface. The penetration of the secondary ions through 
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the helium flow is problematic as it limits the sensitivity through lowering the proportion of the total ion signal 
collectable with the current 0.7 mm inner diameter capillary.  
 
The second deficiency in the model exposed by the experiment is the linear fall off of counts behind the target 
surface, discussed earlier with respect to the total ion uptake. Figure 3.4 shows that this behavior holds for the 
background signal as well as the sample signal. The first conclusion drawn from this is that the gas sampled in this 
region passed over the target surface and is not just entrained atmospheric gas. Secondly, unlike in the forward 
direction it is not possible to assume that initial kinetic energy from the desorption process plays a large part in ion 
mobility. Particles at the edge of the sample have more than likely reached thermal equilibrium and thus their 
movement would mainly be determined by advection and diffusion. Diffusion has no preferential direction and thus 
cannot explain the dissimilarity of signal decline between the forward and backward directions. Specifically the 
intensity is still higher 2 mm behind the sample than it is 1 mm in front of the target face. Three assumptions are 
made: first, as stated above, that upon reaching the edge of the sample the particles are at thermal equilibrium. 
Secondly that flow over the sample surface is laminar as suggested by all the simulations. Thirdly, due to initial 
kinetic energy received from the desorption process, the ions are already dispersed in the forward direction with a 
Poisson-like distribution. All particles are thus being carried through advection with velocity components parallel to 
the sample surface only, with a distribution already resembling that shown in figure 3.4 for positions 3 through to 6. 
To reconcile these assumptions with the measured results requires firstly a flow regime for the forward half with a 
small to vanishing velocity component parallel to the sample surface; continuation of a laminar type flow is 
therefore not unreasonable. Secondly, the flow regime backwards must have a velocity component parallel to the 
sample surface larger than the combined kinetic energy provided by sputtering and velocity provided by the 
forwards flow. This could be due to a sharp angle change in the laminar flow, however, a more likely explanation is 
the presence of turbulent vortices skimming off a portion of the gas containing the secondary ions and spiraling it 
out behind the sample. 
4. Conclusion 
Initial simulations highlighted the need to model the system using a turbulent flow regime. 2D simulations with 
particle tracing showed that the sputtered secondary ion fragments tend to reach thermal equilibrium with the 
surrounding gas almost immediately. As such the majority of the fragments are expected to be contained within a 
thin layer of gas next to the surface of the target and it is this specific region which must be the target of the mass 
spectrometer capillary. Simultaneously it was also noted that the suction of the capillary was not sufficient to disturb 
the flow in any meaningful manner and thus it has to be placed in a position where the helium pipe blows the 
fragments into it. It was concluded that further modeling need only be concerned with the target and helium pipe, 
forgoing the need to include the mass spectrometer capillary. 
 
Simulations comparing 2D models to 3D models showed a significant difference in both the quantitative and 
qualitative aspects of the flow. It was determined that 2D modeling could not be used to determine the optimum 
placement of the mass spectrometer capillary as the predicted flow was displaced by more than the diameter of that 
capillary. 
 
A 3D simulation was carried out with simplified geometry. This showed the helium flow impacting the surface of 
the target and spreading out in the plane of the target surface. The flow continued to travel along the surface of the 
target, only lifting off once it reached the edge. This behavior was shown to be consistent despite variations in target 
size or incident angle of the helium flow. From this it was concluded that the position of the helium pipe was not 
critical, the only factor needing to be ensured was that the helium flow came in at an angle which causes it to 
impinge on the target at some distance before the beam spot. Provided the surface is sufficiently smooth the flow 
will stick to the target until it reaches a sharp edge where it will lift off. The mass spectrometer capillary must be 
placed near this edge, parallel to the target surface with the edge obscuring part of the capillary opening. This is 
done to maximize the uptake of the gas layer directly next to the target surface. Due to only small variations in lift 
off angle it is not critical to place the capillary touching the edge, however closer is better. 
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Preliminary experiments with the MeV-SIMS beamline have returned result supporting these conclusions about 
the gas flow and secondary ion transport. However some inadequacies have been highlighted by the relatively high 
signal acquired behind the target not accounted for by the models. Current speculation is that this is due to turbulent 
vortices containing desorbed ions rolling off the edge of the target. Never the less, these results point to a common 
collection point for maximum signal acquisition provided that the area of analytical interest is located not too far 
from a sharp edge on the sample. As one of the major advantages of ambient ionization techniques is the expanded 
range of samples that can be analysed, it was deemed that this was too restrictive a set of limits to impose. Whilst 
still useful for investigation of vacuum incompatible samples mounted on, for example, a scanning electron 
microscopy stub, the work contained in this report justified concentration of efforts on further adaptation of the 
sampling geometry in order to unlock the full potential of this powerful technique. 
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